Introduction: The objective of this study was to evaluate a new method for superimposition of 3-dimensional (3D) models of growing subjects. Methods: Cone-beam computed tomography scans were taken before and after Class III malocclusion orthopedic treatment with miniplates. Three observers independently constructed 18 3D virtual surface models from cone-beam computed tomography scans of 3 patients. Separate 3D models were constructed for soft-tissue, cranial base, maxillary, and mandibular surfaces. The anterior cranial fossa was used to register the 3D models of before and after treatment (about 1 year of follow-up). Results: Threedimensional overlays of superimposed models and 3D color-coded displacement maps allowed visual and quantitative assessment of growth and treatment changes. The range of interobserver errors for each anatomic region was 0.4 mm for the zygomatic process of maxilla, chin, condyles, posterior border of the rami, and lower border of the mandible, and 0.5 mm for the anterior maxilla soft-tissue upper lip. Conclusions: Our results suggest that this method is a valid and reproducible assessment of treatment outcomes for growing subjects. This technique can be used to identify maxillary and mandibular positional changes and bone remodeling relative to the anterior cranial fossa. (Am J Orthod Dentofacial Orthop 2009;136:94-9) 
A mong the most challenging endeavors in orthodontics is the unraveling of morphologic growth interactions between dental and skeletal components that underpin the response to treatment. 1 Superimposition of lateral cephalograms has been the standard in quantification of changes from treatment and growth. [2] [3] [4] [5] [6] [7] [8] [9] [10] Differentiating dentofacial changes caused by treatment from those induced by growth is not possible with either 2-dimensional or 3-dimensional (3D) superimposition methods. [5] [6] [7] [8] [9] [10] [11] [12] [13] However, comparison of treated and untreated controls by using 3D regional superimpositions has the potential to assess bone displacements (shift in position) and remodeling (change in size and shape) of skeletal and soft-tissue facial components relative to the cranial base. This assessment might improve our interpretations of the dynamic feedback through which growth and treatment effects interact.
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Superimposition of cone-beam computed tomography (CBCT) scans by using registration on the whole surface of the cranial base has been validated for nongrowing subjects. 11 The purpose of this study was to determine the reproducibility of 3D superimpositions to evaluate overall facial changes in growing patients over time. Specifically, we assessed a method of registration on the anterior cranial fossae and the ethmoid bone, since the growth of these structures is completed in early infancy.
MATERIAL AND METHODS
The imaging protocol involved 40-second scans in a CBCT scanner (iCat, Imaging Sciences International, Hatfield, Pa) with a 16 3 22-cm field of view. The images were reformatted to yield a voxel size of 0.5 mm and then cropped to facilitate image analysis. 12 Experimental protocols were approved by the Institutional Review Board of the University of North Carolina.
Three observers, 2 orthodontists and a third-year orthodontic resident, were calibrated for analysis of serial CBCT images using 2 images not included in this study. After calibration, each observer, working independently, analyzed before and after treatment CBCT scans of 3 growing patients (mean age, 11.4 years). Image analysis was done in 4 steps: model construction, image registration, transparency overlay, and quantitative measurement.
The 3 examiners created a total of 18 3D surface models using ITK-SNAP open-source software (http:// www.itksnap.org).
14 These surface models differ from currently available commercial software models that only display 3D projections of the face (3D rendering).
Image registration
A fully automated registration was used to mask anatomic structures displaced with growth and treatment. 15 The Imagine software (http://ia.unc.edu/dev/download/ imagine/index.htm) computes the rigid registration (translation and rotation) that optimally aligns before and after treatment gray level CBCT data sets with subvoxel accuracy at the anterior cranial base. 15 The registration used the best anatomic fit of anterior cranial base structures that have completed growth by age 7 7, [16] [17] [18] : anterior wall of sella, anterior clinoid processes, planum sphenoidale, lesser wings of the sphenoid, superior aspect of ethmoid and cribriform plate, cortical ridges on the medial and superior surfaces of the orbital roofs, and inner cortical layer of the frontal bones (Fig 1) .
The CMF software (Maurice Müller Institute, Bern, Switzerland) overlays 3D surface models that are registered in the same coordinate system (Fig 2) . 17 This tool shows the location and the direction of dental, bone, and soft-tissue displacements relative to the cranial base by using various transparencies that allow correlation of hard-tissue and soft-tissue changes.
The CMF software calculated surface distances and generated color maps between two 3D models (Figs 3-5) . 19 The color maps have about 600,000 colorcoded surface distances in millimeters between before and after treatment 3D-model surface triangles, so that the difference between the 2 surfaces at any location can be quantified. Isolines (contour line tool) were used to delineate surface changes for 9 anatomic regions (Fig 3 and Table) . Hard-and soft-tissue changes were described not as absolute displacements, but as displacements relative to the cranial base.
RESULTS
The changes with growth and treatment were measured on the 3D models constructed by 3 observers. Composite images of 3D superimposed color-coded maps show clearly the similarity of the surface distances along all maxillary and mandibular surfaces among the 3 observers (Figs 3-5) . The interexaminer range of measurements across anatomic regions was equal or less than 0.5 mm (Table) .
DISCUSSION
The intent of this study was to evaluate a novel technique to describe treatment outcomes in growing patients. The choice of landmarks and structures for 3D superimposition of growing subjects has not yet been investigated.
Because 3D projections cannot be used for precise landmark location or selection of anatomic regions, this study involved creation, registration, and superimposition of 3D surface models. 12 Potential sources of variations between examiners are threefold. First, low gray-scale contrast in anatomic regions with thin cortical bone prevents automatic definition of these structures' boundaries. Manual editing can introduce slightly different outlining of surface boundaries by different examiners. Second, the user input to define the properties of 3D surface model creation could also lead to minor surface variations. Third, variations in quantification of treatment outcomes could stem from examiner choice of the isoline contours on the color map. No matter what the source of between-examiner variations, the magnitude of variations in all cases was equal to or smaller than the CBCT voxel resolution. Variations of 0.5 mm or less are clinically insignificant.
The major strength of this method is that registration does not depend on the precision of the 3D surface models. The cranial base models are only used to mask anatomic structures that change with growth and treatment. The registration procedures actually compare voxel by voxel of gray-level CBCT images, containing only the cranial base, to calculate rotation and translation parameters between the 2 images.
Regional superimposition in the anterior cranial base does not completely define the movement of the mandible relative to the maxilla. [5] [6] [7] [8] [9] [10] The studies of Efstratiadis et al 5, 6 highlighted that cranial base superimpositions yield information of facial displacements relative to the cranial base. The pioneer works of Baumrind et al, 2, 3 Bjork and Skieller, 17 Ghafari et al, 7 Halazonetis, 20 and Johnston 10 showed that displacement of mandibular skeletal and dental components in relation to the maxillary base is critical because the resulting information can differ from conclusions from the cranial superimposition. Future studies are needed to investigate the use of different 3D regional superimposition areas. Currently, superimposition of 3D surface models is still too time-consuming and computingintensive to apply these methods in routine clinical use. Our current focus is on developing a simplified analysis so that soon these methods can be used clinically.
CONCLUSIONS
The technique used in this study provides a valid and reproducible 3D assessment of growing patients. The visualization of 3D model superimposition and the surface distance calculations allow a more comprehensive description of treatment outcomes and different patterns of remodeling after treatment. 
